The effects of 10, 20, 35 and 50 mg of Ca2+ per liter on the qualitative and quantitative exudation of sugars from roots of 5-week-old peanut plants, Arachis hypogaea L., grown axenically in nutrient solutions, were measured. Nutrient solutions in which plants had been growing were collected at weekly intervals for 4 weeks, sugars in them were measured by gasliquid chromatography of the trimethylsilyl derivatives. Arabinose, ribose, xylose, fructose, mannose, glucose, galactose, mannitol, galacturonic acid, inositol, sucrose, and five unknowns were found. Qualitative and quantitative differences in exudates were correlated with age of the plants and calcium level. Four times more sugar was exuded at 10 mg than at 50 mg of Ca'+ per liter but no significant differences in growth were observed. Ion efflux measurements suggested that low levels of Ca"' increased root cell membrane permeability.
Collection of organic root exudates should be carried out under axenic conditions to prevent losses and alterations by the microbial populations in the rhizosphere. By using the system reported by Hale (4) , effects of various factors on qualitative and quantitative exudation of sugars from peanut roots and fruits have been studied (5, 10, 16) . The release of these compounds into the region immediately surrounding roots in soil (rhizosphere) (12) affects the germination of fungal spores (3) and the colonization of roots. Peanut cultural practices sometimes call for application of CaSO4. Although calcium is known to affect membrane permeability (9) , little is known of the affect of calcium on root exudation. Vancura (19) has suggested that membrane permeability changes may be involved in the mechanism of root exudation. ' Rovira (11) reported that calcium concentration did not affect the exudation of amino acids from wheat roots, but later suggested that the calcium concentrations used were too high to increase permeability (13 (5) .
The objectives of the present study were to determine the effect of various low levels of calcium on the root exudation of sugars from axenic peanut plants and to evaluate the possible relationship of exudation to changes in root cell membrane permeability.
MATERIALS AND METHODS
Aseptic peanut seeds, Arachis hypogaea L. cv. Argentine, were obtained by removing the testa and surface sterilizing the remaining part of the seed for 5 min at 50 C in 20% solution of commercial sodium hypochlorite (4) . Sterilized seeds were transferred aseptically to the surface of solidified nutrient medium in Petri dishes where they were allowed to germinate at 37 C in a humidified incubator. After 5 days, seedlings were transferred aseptically to sterile, screw-capped, glass jars in which they were transported to each of four sterile isolator chambers (4) . The seedlings were transferred from the jars to transplanting tubes containing perlite saturated with Hoagland solution (4). After 4 weeks, 13 sterile (axenic) seedlings per isolator chamber were selected for uniformity and placed in separate 1-liter flasks containing nutrient solution. Random sterility checks of materials inside the chamber, of plant surfaces, and of the inner chamber surfaces were taken at weekly intervals by swabbing representative surfaces. Swabs were placed on potato dextrose agar, nutrient broth, Levine3 EMB agar, Sabouraud dextrose agar, brain heart infusion agar, and thioglycolate medium and incubated at room temperature or at 37 C. Plant sterility was checked before and after each experiment by removing an extra plant from the chamber and macerating samples of leaf, stem, and root tissue, placing them on media, and incubating the samples in the manner described.
'Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture, and does not imply its approval to the exclusion of other products that may also be suitable. Each day the volume of the nutrient solution in each flask was adjusted to 1 liter by adding sterile, distilled deionized water. Nutrient solutions containing root exudates were collected at weekly intervals. Solutions from the three plants receiving the same treatment within each individual isolator chamber were pooled after collection, freeze-concentrated to a volume of approximately 800 ml, filtered through Whatman No. 1 filter paper and then through Millipore filters with a pore size of 0.22 nm, and finally concentrated in vacuo at 40 C to 50 ml. Each 50-ml sample was transferred to a 125-ml Erlenmeyer flask and freeze-dried (24 hr). Flasks were sealed, coded, and stored at 5 C until analyzed.
Sugars in the coded samples were extracted from the freezedried residue with 10 ml of pyridine followed by centrifugation to remove the insoluble salts. The supernatant containing the dissolved sugars was evaporated to dryness. Trimethylsilyl derivatives of the sugars were made by dissolving them in 1.0 ml of pyridine followed by the addition of 0.9 ml of hexamethyldisilazane and 0.1 ml of trifluoroacetic acid (1, 6, 15, 17) . Since exudates were recovered from Hoagland's solution, the recovery of a mixture of standard sugars from 3 liters of Hoagland's solution was used to determine the quantitative efficiency of the technique used in this study. The recovery of pentose and hexose sugars was greater than 85%; however, sucrose recovery was only 63.4% (Table I ). The recovery of sugars and the quantities detectable were equivalent to values reported in the literature (2, 8, 15, 18 ).
An F&M 400, single flame ionization gas chromatograph coupled with a Sargent Model SR recorder was used for the analysis. A 6 feet x l4 inch (o.d.) glass column containing 3% (w/w) OV-3 (90% methyl, 10% phenyl polysiloxane) on 80 to 100 mesh Chromosorb WHP was used. The flow of carrier gas, nitrogen, was regulated to a flow rate of 45 ml/min. The injector port and detector temperatures were 270 and 265 C, respectively. A linear temperature program from 120 to 220 C at 5 C/min with a 4-min program delay was used. Sugars were identified by retention times and cochromatography with standards.
At the end of experiment 2, the plants were removed from the chamber, and each plant was placed in a 1-liter flask containing 0.1% nutrient solution. The conductivity of the solu- All the sugars that were present during the 1st week were also present during the 2nd week. Mannitol was detected in the 10, 20, and 35 mg Ca2`/l solutions, and inositol appeared in two, the 10 and 35 mg Ca2+/l solutions.
There was a highly significant increase (p = 0.01) in exudation in response to the lower levels of calcium. The sugars and unknowns exuded in greatest quantity were unknowns 1 and 2, ribose, mannitol, and galacturonic acid (Fig. 1) . These sugars accounted for approximately 75% of the total exudate. Of these exudates, mannitol and galacturonic acid were either not present or present in low concentrations during the first and second collection periods and increased during the third and fourth collection periods. This increase was more marked in the solutions containing low levels of calcium, especially 10 and 20 mg Ca2'/l, than at the higher levels of calcium. Although differences occurred with time in the amounts of the other three sugars of this group, the differences were not significant. Unknown 2 occurred in the greatest amount.
Small amounts of 10 other sugars were found in the nutrient solutions, and the amount varied from 0 to 4 ,ug per collection period. Total amounts of these exudates showed that less was exuded at the higher calcium levels (Fig. 1) .
In comparing both the quantitative and qualitative trends, it may be concluded that the lowest levels of Ca`5 or prolonged treatment or both at low Ca2+ levels resulted in a greater number and amount of compounds exuded when compared to the highest levels or shorter treatment periods or both. Marinos (5) Table II . The difference in the recovery times to an uptake status (decreased conductivity in the circumambient solution) indicated that membrane permeability may have been altered by the calcium treatments. These data suggest that low levels of calcium increase membrane permeability which in turn causes a quantitative increase in the exudation of sugars from peanuts roots and is in agreement with the work of Hiatt (personal communication) on the effect of Ca2+ on efflux of inorganic ions.
